Multilocus enzyme electrophoresis was employed to measure chromosomal genotypic diversity and evolutionary relationships among 761 isolates of the serovars Salmonella typhi, S. paratyphi A, S. paratyphi B, S. paratyphi C, and S. sendai, which are human-adapted agents of enteric fever, and S. miami and S. java, which are serotypically similar to S. sendai and S. paratyphi B, respectively, but cause gastroenteritis in both humans and animals. To determine the phylogenetic positions of the clones of these forms within the context of the salmonellae of subspecies I, comparative data for 22 other common serovars were utilized. Except for S. paratyphi A and S. sendai, the analysis revealed no close phylogenetic relationships among clones of different human-adapted serovars, which implies convergence in host adaptation and virulence factors. Clones of S. miami are not allied with those of S. sendai or S. paratyphi A, being, instead, closely related to strains of S. panama. Clones of S. paratyphi B and S. java belong to a large phylogenetic complex that includes clones of S. typhimurium, S. heidelberg, S. saintpaul, and S. muenchen. Most strains of S. paratyphi B belong to a globally distributed clone that is highly polymorphic in biotype, bacteriophage type, and several other characters, whereas strains of S. java represent seven diverse lineages. The flagellar monophasic forms of S. java are genotypically more similar to clones of S. typhimurium than to other clones of S. java or S. paratyphi B. Clones of S. paratyphi C are related to those of S. choleraesuis. DNA probing with a segment of the viaB region specific for the Vi capsular antigen genes indicated that the frequent failure of isolates of S. paratyphi C to express Vi antigen is almost entirely attributable to regulatory processes rather than to an absence of the structural determinant genes themselves. Two clones of S. typhisuis are related to those of S. choleraesuis and S. paratyphi C, but a third clone is not. Although the clones of S. decatur and S. choleraesuis are serologically and biochemically similar, they are genotypically very distinct. Two clones of S. typhi were distinguished, one globally distributed and another apparently confined to Africa; both clones are distantly related to those of all other serovars studied.
biochemical, and various other methods, the evolutionary relationships of the human-adapted organisms to one another and to strains of other serovars have remained largely unknown. Consequently, there has been no systematic framework within which to study the evolution of host adaptation and pathogenicity in this group of bacteria. Serotyping is a convenient and epidemiologically useful method of categorizing isolates, but the typological cataloging of surface-expressed antigens can provide little information on the overall genetic relationships of strains of the same or different serovars. It has recently been demonstrated that strains of the same serovar may be distantly related in chromosomal genotype and, conversely, that strains of different serovars may be closely similar in overall genetic character (3, 56) . Similarly, bacteriophage types (14, 69) , antibiograms (11) , and plasmid profiles (17, 19, 41, 43) are useful epidemiological markers and can be medically important for choosing chemotherapeutic regimes, but these properties fail to reflect evolutionary genomic relationships. Attempts to determine relationships among strains and define clones on the basis of variation in biotype characters (2, 48) have had limited success, largely because of the frequent convergence of traits in different phylogenetic lineages (56) . 2263 And while DNA-DNA hybridization has provided a basis for the subspecific classification of the salmonellae (5, 36) , it has not contributed to an understanding of genetic relationships among strains within subspecies. Other methods of detecting DNA sequence variation, including the analysis of restriction fragment length polymorphism (RFLP) in plasmid or chromosomal DNA (1, 41, 65, 67, 71) , have recently been applied in epidemiological research, but these techniques have as yet had essentially no application in microbial population genetics or systematics.
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(ii) Clonal diversity and relationships. There was considerable genotypic diversity among strains of S. miami, which represented eight ETs ( Table 2 ). The clones of S. miami have no particular evolutionary relationship to those of S. sendai or S. paratyphi A but, rather, are closely related to strains of S. panama (Fig. 1) .
The clonal composition of populations varies geographically. All clones of a distinctive phylogenetic lineage that clusters with clones of S. typhimurium and S. saintpaul (Fig. 2) (25) reported that the phase 1 flagellar antigenic factor c is serologically somewhat distinctive in each of the four groups, and Le Minor et al. (34) were able to distinguish S. paratyphi C, S. choleraesuis, S. choleraesuis variety kunzendorf, and S. decatur on the bases of antigenic subfactors and three biochemical tests. S. decatur, which differs from the others in giving a positive reaction in Stern's medium (9) , has been considered a variety or bioserotype of S. choleraesuis (9, 34) , but it was recently combined with S. choleraesuis, the name "decatur" being withdrawn from the Kauffmann-White scheme (35) . S. typhisuis is host adapted to swine (66) .
(ii) Clonal diversity and relationships. Nine ETs, marking seven clones and subclones of S. paratyphi C, were distinguished ( Table 2 ). Pc 1, la, 2, 2a, 3, 5, 6, and 7 form a tight cluster related to clones of S. choleraesuis (Fig. 2) . Four monophasic isolates that were identified as S. paratyphi C at the Pasteur Institut represent a highly distinctive ET, designated Pc 4 in Table 2 and Fig. 1 . As received in the R.K.S. laboratory, two of these isolates (RKS 4620 and RKS 4633) were labeled as Vi positive, but all four isolates failed to hybridize with the viaB region probe. When tested by K.F., these four isolates proved to be biochemically unlike either S. paratyphi C or S. decatur and were classified as untypeable. The Pc 4 clone is unrelated to other clones of S. paratyphi C (Fig. 2) , being allied, instead, with S. miami clone Mi 6 (Fig. 1) .
S. typhisuis and S. decatur, which microbiologists have confused with each other and with S. choleraesuis, are each represented in our collection by isolates of three genotypically distinctive clones (Table 2 ). Both S. typhisuis and S. decatur apparently are polyphyletic. Clones Ts 1 and Ts 2 of S. typhisuis cluster with clones of S. paratyphi C and S. choleraesuis, but Ts 3 is related to S. decatur clone Dt 1 (Fig. 2) . Dt (52) . The present study also identified S. paratyphi C, S. panama, and S. saintpaul as monophyletic serovars with one predominant clone.
Beltran et al. (3) identified four polyphyletic serovars, S. derby, S. newport, S. enteritidis, and S. infantis. S. paratyphi B was added to this list by Selander et al. (56) , and the present study demonstrated that each of the five serotypes S. miami, S. typhisuis, S. decatur, S. saintpaul, and S. muenchen is strongly heterogeneous in genotype and, on that basis, apparently polyphyletic.
Genetic diversity in relation to host adaptation. A notable feature of variation emerging from population genetic studies of Salmonella species is a strong tendency for clones of the host-adapted serovars to be fewer in number and less diverse in multilocus genotype than those of serovars that are pathogenic for a variety of host species (Table 3) . This relationship is apparent, for example, when levels of genetic diversity among ETs (representing clones) of the humanadapted serovars S. typhi, S. paratyphi A, S. sendai, and S. paratyphi C are compared with those for the serovars S. typhimurium, S. panama, and S. muenchen, each of which is regularly recovered from a wide variety of animal host species as well as humans. That clones of the S. paratyphi B-S. java complex are highly heterogeneous in genotype is (Selander et al., unpublished data), and S. gallinarum, which consists of four closely related clones adapted to chickens (J. Li and R. K. Selander, unpublished data).
Population genetics theory provides two very different explanations for the observed relationship between host range and genotypic diversity, one relating to effective population size and the other to ecological niche breadth. Consider first the effective population size model. Under the assumptions of the neutral mutation theory of molecular evolution (28) , the amount of allelic variation at a locus in a finite population at equilibrium between the generation of selectively neutral mutations and their loss through random genetic drift is a direct function of the effective size of the population (Ne). For bacteria with a clonal population structure, effective population size may more closely correspond to the total number of extant colonies than to the actual size of the total standing crop of cells (40) . At equilibrium, which theoretically may be attained only after a period of time equal to 2Ne generations, smaller populations will maintain lesser degrees of genetic variation than will larger populations. For populations not at equilibrium, the evolutionary effective size is roughly the harmonic mean of the effective size of the population over all generations since its origin. Consequently, if new populations arise from one or a small number of cell lineages, younger populations are expected to be genetically less variable than older populations.
Salmonella serovars with strains capable of infecting a variety of different host species may, other things being equal, be expected to maintain larger effective population sizes and, consequently, to carry more genetic variation than serovars that are limited in distribution to humans or single species of animals. It is also probable that many or all of the host-adapted serovars have arisen more recently than the common, broad-host-range serovars. However, because we do not know whether populations are at equilibrium, the two forms of the neutral mutation hypothesis cannot be separately tested.
The ecological niche breadth model of population variation is based on the premise that much or all of the allelic diversity at enzyme and other structural gene loci is adaptive and is maintained by one or more types of balancing selection (28, 44, 46 (10) . Some Indonesian strains also express a z66 flagellar antigen (13) , which presumably is encoded by a phase 2 locus (H2) (10) . Strains with the z66 antigen are known only from Indonesia; extensive surveys have failed to detect the presence of this antigen in populations of S. typhi in Madagascar, Africa, the Antilles, and Central and South America (68, 70) .
In view of the allelic polymorphism at the HI locus and occasional expression of an apparent H2 gene in the Indonesian population of S. typhi, it is noteworthy that all 26 Indonesian isolates we examined, including six strains expressing the z66 factor, were indistinguishable in multilocus enzyme genotype from other members of the globally distributed Tp 1 clone.
The most variable features of S. typhi are the response to Vi phages (14) and the RFLP pattern of the rRNA operons. A total of 106 lysotypes has been recognized (7); some lysotypes are cosmopolitan (e.g., types A, B3, and Cl), whereas others are regionally confined or are much more common in some geographic areas than in others (e.g., types G and M). Consequently, there is much geographic variation in the frequencies of various lysotypes and groups of lysotypes (14) .
As first reported by Altwegg et al. (1) and also demonstrated in the present study, there is considerable RFLP in the rRNA operons of S. typhi. The manner in which this variation is apportioned geographically among populations of the globally distributed Tp 1 clone remains to be studied.
Simultaneous infection by two clones of S. typhi. We obtained evidence that individual humans in Senegal may be infected simultaneously by strains of clones Tp 1 and Tp 2, both of which are endemic and epidemic in that country. Infection with multiple strains of S. typhi reportedly is also not uncommon in Lima, Peru, as evidenced by the observa-VOL. 58, 1990 tion that strains isolated simultaneously from single patients may differ in plasmid profile (12 (51, 62) .
Evolution of host adaptation and pathogenicity. From the information on phylogenetic relationships provided by our analysis, tentative inferences may be drawn regarding the evolution of clones that are largely or entirely adapted to humans and the development of the propensity to cause human enteric fever.
S. paratyphi A and S. sendai evolved from a common ancestral lineage that also gave rise to the clones of S. panama, which are agents of gastroenteritis in a broad range of hosts, including humans, and to S. miami. With regard to surface serological characters, the simplest hypothesis is that the phase 1 flagellar antigen a is the ancestral condition and was retained in S. paratyphi A, S. sendai, and S. miami, being replaced by the l,v antigens in S. panama (see Table  1 ). Additionally, the 0 antigen 9 was lost and the phase 2 flagellin gene (H2) was silenced in S. paratyphi A. The derivation of S. paratyphi A and S. sendai from an S. panama-like ancestor would have involved both a restriction in host range to humans and the development of invasive ability. These changes presumably occurred in an ancestral clone that very recently differentiated, perhaps geographically, into the clones of S. paratyphi A and S. sendai.
The serovar S. miami, which is predominantly North American in distribution (27) (Fig. 1) , were obtained from a frog, a fish, and guano. Mi 6, which is on still another branch, was cultured from a blackbird. S. miami has also been reported from other types of warm-and coldblooded animals (8, 18) . These data, although limited, suggest that only the first group of clones is adapted to humans. The clones of S. paratyphi C and those of S. choleraesuis, together with certain clones of S. typhisuis (Ts 1 and Ts 2), apparently shared a common ancestor from which they evolved without modification of the serotype, except for the acquisition of the Vi antigen by S. paratyphi C. We suggest that the common ancestor was invasive and already adapted to swine, as are the extant clones of S. choleraesuis and certain clones of S. typhisuis, which cause swine paratyphoid fever (66) . If so, the evolutionary derivation of S. paratyphi C would have involved only a shift in host to humans. The occasional occurrence of S. paratyphi C in animals suggests that physiological specialization for humans is not as complete as in the case of S. typhi or S. paratyphi A. It is noteworthy that in some parts of the world humans are a significant secondary host for S. choleraesuis (21, 32) , which is invasive, producing severe enteric fever with an unusually high mortality rate (73 (24, 25) , but implicit in most of its applications is the notion that isolates of a given serovar share many homologous genetic properties in addition to cell surface antigens and are, therefore, in some meaningful sense biological entities. This concept has been strongly fostered by the use of scientific species nomenclature for the serovars. Kauffmann (24) considered each serovar a species, which he defined as "a group of related serofermentative phage-types," but, in fact, the scheme has no adequate provision for determining relatedness among strains in an evolutionary genetic sense.
Like all systems of classification that are both typological and based on a small number of characters, the KauffmannWhite scheme was bound to prove unsatisfactory when methods of detecting multilocus genotypic variation became available and evolutionary population genetic concepts were applied to the study of bacterial phylogeny and classification (42) . The reason it has been useful through the years is that the majority of isolates of many of the common serovars (e.g., S. typhimurium) are members of a single clone that predominates in natural populations worldwide (3). In these cases, serotypic identity of isolates is, in fact, likely to reflect overall genotypic identity or close similarity. But the numerous cases in which isolates of the same serotype have markedly different chromosomal genotypes and evolutionary relationships (3, 56; this report) invalidate the Kauffmann-White scheme as a general system of biological classification of the salmonellae. As a framework for analyzing variation in plasmids, biochemical characteristics, pathogenicity, and other properties of strains and for studying global epidemiology and the genetic structure and evolution of populations, it is grossly inadequate.
